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INTRODUCTION 

Many improvements have been made i n  t h e  Solvent  Refined Coal (SRC) process  over  
t h e  p a s t  year .  During t h i s  time per iod ,  s e v e r a l  s o l i d l l i q u i d  s e p a r a t i o n  techniques  
have evolved t h a t  o f f e r  promise f o r  c o s t  r e d u c t i o n  i n  a s h  removal. 
t e c h n i c a l  f e a s i b i l i t y  f o r  t h e  Kerr-McGee's process  f o r  c r i t i c a l  s o l v e n t  deashing  
has  been demonstrated on a p i l o t  s c a l e  a t  t h e  W i l s o n v i l l e  SRC f a c i l i t y .  
t h i s  s e p a r a t i o n  process  can be used to f r a c t i o n a t e  l i q u i f i e d  c o a l  a s  w e l 1 , a s  f o r  

A s  a r e s u l t ,  process  s o l v e n t  r e g e n e r a t i o n  appears  no longer  t o  be  a l i m i t i n g  oper- 
a t i o n a l  f a c t o r  f o r  t h e  d i s s o l v e r  s t a g e  (1). Now the  d i s s o l v e r  per- 
forms t h r e e  b a s i c  func t ions :  l i q u e f a c t i o n  of  c o a l ,  r e g e n e r a t i o n  of t h e  process  
s o l v e n t  and d e s u l f u r i z a t i o n  of  c o a l  l i q u i d s .  
f a c t i o n  occurs  very r a p i d l y  w h i l e  d e s u l f u r i z a t i o n  occurs  slowly. 
t h e  Kerr-McGee's process  can  be used t o  o f f s e t  s o l v e n t  d e f i c i e n c i e s ,  d e s u l f u r i z a -  
t i o n  may l i m i t  d i s s o l v e r  o p e r a t i o n s ,  p a r t i c u l a r l y  when a s o l i d  SRC is  produced. 

Hydrogen genera t ion  f o r  SRC process ing  i s  a major o p e r a t i o n a l  c o s t ,  making 
s h o r t  r e a c t i o n  t i m e s  wi th  minimum hydrogenat ion s e v e r i t y  d e s i r a b l e .  The o v e r a l l  
o b j e c t i v e  of t h i s  s tudy  i s  t o  develop a methodology f o r  using minera l  a d d i t i v e s  
t o  i n c r e a s e  the  r a t e  o f  d e s u l f u r i z a t i o n  d u r i n g  c o a l  l i q u e f a c t i o n .  Some i r o n  con- 
t a i n i n g  minera ls ,  i n c l u d i n g  t h e  a s h  of  SRC r e s i d u e ,  have been shown to a c t  a s  
-__ i n  s i t u  s u l f u r  scavengers  (2). The a d d i t i o n  of such minera ls  to the  d i s s o l v e r  
feed  may a l low s u l f u r  removal requi rements  t o  be met wi th  s h o r t e r  r e a c t i o n  t i m e s  
and consequent lower hydrogen consumption. 

Concurrent ly ,  

S i n c e  

I deashing ,  a f r a c t i o n  o f  t h e  l i q u e f i e d  c o a l  could be used a s  make-up process  s o l v e n t .  

I 

I Severa l  s t u d i e s  have shown t h a t  l i q u e -  
Thus, now t h a t  

The r o l e  of  minera l  a d d i t i v e s  i n  c o a l  l i q u e f a c t i o n  process ing  i s  t o  i n c r e a s e  
d e s u l f u r i z a t i o n  wi th  minimal b u t  s u f f i c i e n t  hydrogenat ion.  S e l e c t i v i t y  is a 
measure used t o  r a t e  t h e  e f f e c t i v e n e s s  of t h e  d i f f e r e n t  minera l  a d d i t i v e s  s t u d i e d .  
By d e f i n i t i o n ,  s e l e c t i v i t y  i s  t h e  r a t i o  of  t h e  amount of s u l f u r  removal to t h e  
amount of  hydrogen consumed f o r  a g iven  r e a c t i o n  t i m e .  

I n  prev ious  s t u d i e s ,  t h e  e f f e c t s  o f  r e l a t i v e l y  l a r g e  amounts of  minera l  
a d d i t i v e s  on r e a c t i o n  r a t e s  have been examined (3)  i n  order  t o  c l e a r l y  d e l i n e a t e  
t h e  e f f e c t s  o f  t h e  a d d i t i v e s .  However, i n  a c t u a l  a p p l i c a t i o n ,  such l a r g e  amounts 
would be  p r o h i b i t i v e  due to t h e  a s s o c i a t e d  m a t e r i a l  handl ing  d i f f i c u l t i e s .  There- 
f o r e ,  one of  t h e  major o b j e c t i v e s  of  t h i s  work i s  t o  demonstrate  t h a t  on ly  smal l ,  
e a s i l y  processed,  amounts of  minera l  a d d i t i v e s  a r e  requi red  f o r  e f f e c t i v e  s u l f u r  
scavenging,  provided t h a t  t h e  i r o n  conta ined  i n  t h e  a d d i t i v e s  i s  i n  a form a v a i l -  
a b l e  f o r  r e a c t i o n  and i s  p r e s e n t  i n  s t o i c h i o m e t r i c  amounts. 

EXPERI?lEYTAL 

Reagents and Mater ia l s  
L i g h t  recyc le  o i l  (LRO) and Western Kentucky 9 / 1 4  coa l  were obtained from t h e  

W i l s o n v i l l e  SRC P i l o t  P l a n t ,  opera ted  by Southern Serv ices ,  Inc. The LRO c o n t a i n s  
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0.2 % s u l f u r  and the  Western Kentucky coa l  i s  analyzed t o  be 67.8% C,  4.9%H, 3.10%s 
and 1 2 %  minera l  m a t t e r .  
vacuum b e f o r e  use. 

The c o a l  w a s  d r i e d  o v e r n i g h t  a t  100°C and 25 inches Hg 

Coal minera ls ,  SRC r e s i d u e  ash ;  magnet i te ;  p y r i t e ;  hemat i te ;  reagent  grade 
Fe20 ; commercial Fez03 c a t a l y s t ;  and reagent-grade reduced i ron ,were  used a s  mineral  
a d d i g i v e s  f o r  hydrogenat ion  and h y d r o d e s u l f u r i z a t i o n  r e a c t i o n s .  
Fe203 (Fe-O301T, 20% Fe 0 mounted on a c t i v a t e d  alumina)  was obta ined  from t h e  Har- 
shaw Chemical Company. "I&s c a t a l y s t  was ground t o  v a r i o u s  p a r t i c l e  s i z e s  t o  s tudy-  
t h e  e f f e c t  o f  mass t r a n s f e r  on t h e  r e a c t i o n s .  Hemati te  was obta ined  from Cities 
Serv ices  and magnet i te ,  from Chemialloy Chemical Company. SRC r e s i d u e  obta ined  from 
t h e  W i l s o n v i l l e  SRC P i l o t  P l a n t  was oxid ized  b e f o r e  use. Hydrogen gas  of  99.995% 
p u r i t y  w a s  ob ta ined  from Union Carbide. A l l  o t h e r  chemicals  were reagent  grade. 

Equipment 
A small tub ing  bomb r e a c t o r  and a commercial 300 cc  m g n e d r i v e  a u t o c l a v e  

(Autoclave Engineers)  were used f o r  a l l  r e a c t i o n  s t u d i e s  and have been previous ly  
descr ibed  (2-4). Var ian  gas  chromatographs (Models 1800 and 920) w e r e  used f o r  
a n a l y s i s  of l i q u i d  and gas  l i q u e f a c t i o n  products .  The s u l f u r  c o n t e n t  of coa l  and 
l i q u e f a c t i o n  p r o d u c t s  w a s  determined by us ing  a Leco S u l f u r  Analyzer (Model 532). 
Elemental a n a l y s e s  o f  v a r i o u s  minera l  a d d i t i v e s  were determined by energy d isper -  
s i v e  X-ray f l u o r e s c e n c e  a n a l y s i s  (EDXRF). The s u r f a c e  a r e a  of  t h e  minera l  a d d i t i v e s  
was determined by t h e  n i t r o g e n  adsorp t ion  technique .  

React ion Condit ions:  
Coal l i q u e f a c t i o n  r e a c t i o n s  w e r e  performed f o r  t i m e  per iods  ranging  from 15 t o  

120 minutes ,  a t  41OOC and wi th  s t i r r i n g  r a t e s  of 1000 rpm except  d u r i n g  mass t rans-  
f e r  s t u d i e s  when t h e  r e a c t i o n s  were s t i r r e d  a t  d i f f e r e n t  r a t e s  ranging  from 600 
t o  1400 rpm. The a u t o c l a v e s  w e r e  charged w i t h  40g of c o a l ,  8Og of  LRO, and l o g  of 
a d d i t i v e .  Benzothiophene d e s u l f u r i z a t i o n  was s t u d i e d  i n  a small tub ing  bomb r e a c t o r  
(12ml capac i ty) .  The benzothiophene r e a c t i o n ,  10% benzothiophene i n  dodecane with 
a p p r o p r i a t e  amounts o f  minera l  a d d i t i v e s ,  was performed a t  1250 p s i  hydrogen pressure  
( a t  room tempera ture)  and 41OoC f o r  30 minutes. 

Commercial grade 

RESULTS AND DISCUSSION 

E f f e c t  of  t h e  Amount of  Addi t ive  
Elemental i r o n  h a s  been shown t o  a c t  a s  a n  e f f e c t i v e  i n  s i t u  s u l f u r  scavenger 

(2-4). The e f f e c t  o f  d i f f e r e n t  amounts of  i r o n  on t h e  s u l f u r  c o n t e n t  of the t o t a l  
l i q u i d  products  from c o a l  l i q u e f a c t i o n  r e a c t i o n s  i s  shown i n  F igure  1 where t h e  
r a t i o  S/SB is  p l o t t e d  versus  Fe/FeS. These r a t i o  terms a r e  def ined  as :  S i s  the  
weight  percent  o f  t h e  r e s i d u a l  s u l f u r ;  SB, r e s i d u a l  s u l f u r  f o r  t h e  b a s e l i n e  case ,  
i .e .  no i r o n  p r e s e n t  f o r  t h e  same r e a c t i o n  c o n d i t i o n s ;  Fe, t h e  weight  percent  of 
i r o n  added; FeS, t h e  s t o i c h i o m e t r i c  amount of i r o n  requi red  t o  r e a c t  wi th  t h e  s u l f u r  
t o  b e  removed. Fe i s  computed on t h e  fo l lowing  b a s i s :  1) t h e  o r g a n i c  s u l f u r  
conten t  o f  the  coaH i s  1 .23%;  2) 
the  FeS form; and 3) t h e  s u l f u r  conten t  o f  t h e  s o l v e n t  i s  0.27%. The r e s i d u a l  
s u l f u r  ( S / S  ) decreased  s i g n i f i c a n t l y  (from 0.79 t o  0.53) wi th  i n c r e a s i n g  amounts 
of i r o n  (FeTFeS 5 1.3 t o  20). 
s i g n i f i c a n t  when Fe/FeS is  l e s s  than 10. When Fe/FeS i s  increased  from 1 0  t o  20, 
a decrease  of only  0.07 occurred  i n  S/SB which i s  j u s t  s l i g h t l y  more than  t h e  s tan-  
dard devia t ion  of  S/SB (+ 0.02) .  Therefore ,  i n  t h i s  range,  a d d i t i o n a l  amounts of 
i r o n  appear to  have l i t t l e  e f f e c t  on s u l f u r  removal. 

p y r i t i c  s u l f u r  o f  t h e  c o a l ,  0.79%, i s  reduced t o  

The decrease  i n  r e s i d u a l  s u l f u r  conten t  i s  most 

The e f f e c t  of d i f f e r e n t  amounts of  Fez03 on r e s i d u a l  s u l f u r  i s  a l s o  shown in 
F igure  1. No s i g n i f i c a n t  decrease  i n  r e s i d u a l  s u l f u r  occurs ,  when 7 1 %  of t h e  
s t o i c h i o m e t r i c  r e q u i r e d  a m u n t  of i r o n  i s  present  a s  FeZ03 ( i . e .  Fe/FeS = 0 . 7 1 ) .  
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I t  should  be noted t h a t  t h e  s u r f a c e  a rea  of t h e  Fez03 used i n  t h i s  s tudy  is 8.9 m2/gm. 
(Table  I )  
gases  when s t o i c h i o m e t r i c  amounts of i r o n  a r e  p r e s e n t ,  all o f  t h e  i r o n  p r e s e n t  i n  
t h e  form of  r e l a t i v e l y  h igh  s u r f a c e  Fe203 r e a c t s  wi th  any H2S formed. 
e s s e n t i a l l y  t h e  same degree  of  d e s u l f u r i z a t i o n  occurs  w i t h  a s t o i c h i o m e t r i c  excess  
of Harshaw i r o n  c a t a l y s t ,  which has  a s u r f a c e  a r e a  of  60 m /gm, a s  t h a t  ob ta ined  
wi th  an equiva len t  amount of  Fe203. 
Harshaw c a t a l y s t  does n o t  appear  t o  have any s i g n i f i c a n t  e f f e c t  on d e s u l f u r i z a t i o n ,  
because equiva len t  amounts o f  i r o n  are a v a i l a b l e  i n  both  c a s e s  t o  r e a c t  wi th  t h e  
H2S produced i n  t h e  r e a c t o r .  

Apparent ly ,  s i n c e  no hydrogen s u l f i d e  (H2S) i s  p r e s e n t  i n  t h e  product  

Furthermore,  

2 

Therefore ,  t h e  g r e a t e r  s u r f a c e  area of  t h e  

The e f f e c t  of d i f f e r e n t  amounts o f  i r o n  and Ee203 on t h e  f i n a l  hydrogen p a r t i a l  
p r e s s u r e  and, consequent ly ,  on t o t a l  hydrogen consumption is shown i n  F igure  2. The 
same amount o f  hydrogen i s  consumed i n  e i t h e r  t h e  presence  o r  absence of  i r o n :  
H f / H o  = 0.58 2 0.02, where H 
p r e s s u r e s ,  r e s p e c t i v e l y .  
sumed when Fe203 i s  p r e s e n t :  
amount o f  hydrogen i s  consumed i r r e s p e c t i v e  o f  t h e  amount o f  Fe203 present .  
hydrogen consumption does n o t  depend on t h e  q u a n t i t y  o f  Fe203 p r e s e n t ,  Fe203 i s  not Sig- 
n i f i c a n t l y  reduced at t h e  r e a c t i o n  condi t ions  used. S i n c e  more hydrogen i s  consumed with 
Fe203, t h e  s e l e c t i v i t y  o f  i r o n  ( s u l f u r  removal p e r  hydrogen consumption) is h i g h e r  
than  t h a t  o f  Fe203, provided t h a t  s u f f i c i e n t  i r o n ,  i.e. Fe/FeS=lO, i s  p r e s e n t  (F ig .  3) .  

Model Compound S t u d i e s  
The hydrogenat ion o f  benzothiophene under d i f f e r e n t  r e a c t i o n  c o n d i t i o n s  and 

w i t h  d i f f e r e n t  d a t a l y s t s  produces a v a r i e t y  o f  products  i n c l u d i n g  ethylbenzene,  
dihydrobenzothiophene, s t y r e n e  and phenyle thaneth io ls  ( 5 . 6 ) .  Using t h e  i r o n  addi-  
t i v e s  l i s t e d  i n  Table  I and t h e  r e a c t i o n  condi t ions  s t a t e d ,  t h e  major products  
observed i n  t h i s  s tudy  are  e thylbenzene  and dihydrobenzothiophene. 

and Ho are t h e  f i n a l  and i n i t i a l  hydrogen p a r t i a l  
Under t h e  same r e a c t i o n  c o n d i t i o n s ,  more hydrogen i s  con- 

H f / H o  = 0.45 2 0.01; however, approximately t h e  same 
Since  

The convers ion  of benzothiophene t o  t h e s e  r e a c t i o n  products  as c a t a l y z e d  by the  
d i f f e r e n t  minera l  a d d i t i v e s  i s  given i n  Table  1. 
and Co-Mo-Al, promoted complete conversion of benzothiophene t o  e thylbenzene.  How- 
e v e r ,  complete conversion t o  e thylbenzene does n o t  r e s u l t  when i r o n  i s  t h e  minera l  
a d d i t i v e ;  i n  f a c t ,  on ly  45% o f  t h e  benzothiophene is converted t o  e thylbenzene  w i t h  
no s i g n i f i c a n t  dihydrobenzothiophene formation. In t h e  benzothiophene r e a c t i o n ,  
t h e  amount of  i r o n  used i s  cons iderably  less than  t h e  amount found necessary  for 
maximum d e s u l f u r i z a t i o n  o f  c o a l / o i l  r e a c t i o n  mixtures .  
phene r e a c t i o n  is 2.7 compared t o  t h e  optimum Fe/Fe o f  1 0  observed f o r  t h e  c o a l / o i l  
s l u r r i e s .  
c o a l / o i l  r e a c t i o n s  t o  depend on t h e  amount o f  i r o n  p r e s e n t .  This  r e s u l t  is v e r i -  
f i e d  i n  t h e  benzothiophene r e a c t i o n  a s  given i n  Table  11, where t h e  conversion o f  
benzothiophene i s  shown t o  vary s i g n i f i c a n t l y  wi th  t h e  amount o f  i r o n  p r e s e n t  
dur ing  t h e  reac t ion .  The conversion of  t h e  benzothiophene i n c r e a e s  from 23 % to  
54% with  a correkponding i n c r e a s e  o f  Fe/Fe from 0.72 t o  2.7. Furthermore,  when a 
Harshaw c a t a l y s t  i s  used and i r o n  i s  p r e s e g t  i n  t h e  amount of  Fe/FeS = 0.37, a low 
convers ion  of benzothiophene i s  observed; whereas, complete convers ion  t o  e t h y l -  
benzene o c c u r s  when approximately twice t h e  requi red  s t o i c h i o m e t r i c  amount, Fe/FeS = 
1.9,  is used. As observed i n  t h e  c o a l / o i l  r e a c t i o n s  d i s c u s s e d  p r e v i o u s l y ,  t h e  
h i g h e r  s u r f a c e  a r e a  Harshaw Fez03 c a t a l y s t  does n o t  r e s u l t  i n  any s i g n i f i c a n t  
i n c r e a s e s  i n  the  d e s u l f u r i z a t i o n  o f  t h e  benzothiophene system. 

The minera l  a d d i t i v e s ,  Fe20g 

The Fe/FeS f o r  t h e  benzothio-  

While i n  t h e  range o f  Fe/FeS.< 10, d e s u l 2 u r i z a t i o n  has  been shown i n  t h e  

I r o n  s u l f i d e  a d d i t i v e s ,  p y r i t e  and FeSl+x, do not  r e a c t  wi th  t h e  H2S product ,  
and, a s  prev ious ly  r e p o r t e d  ( 3 , 4 ) ,  a r e  n o t  a s  e f f e c t i v e  i n  i n c r e a s i n g  d e s u l f u r i z a t i o n  
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rates a s  i r o n  and FezOg. The r e s u l t s  given i n  Table  I1 concur wi th  t h e s e  conclu- 
s i o n s .  I n  t h e  presence  of t h e  i r o n  s u l f i d e  a d d i t i v e s ,  t h e  benzothiophene i s  con- 
v e r t e d  p r i m a r i l y  t o  dihydrobenzothiophene -- a product  of hydrogenat ion -- i n s t e a d  
of e thylbenzene  -- a product  o f  h y d r o d e s u l f u r i z a t i o n .  
Fez03 i s  p r e s e n t  d u r i n g  r e a c t i o n ,  t h e  pr imary product  i s  ethylbenzene.  

E f f e c t  of  Reac t ion  T i m e  

t h a t  of petroleum feeds tocks :  
conta in ing  compounds, each of  which reacts a t  a rate p r o p o r t i o n a l  t o  i t s  concentra-  
t i o n .  The r a t e  of t h e  t o t a l  s u l f u r  removal can be  approximated as i f  t h e r e  are 
only  two r e a c t i v e  components. 

In c o n t r a s t ,  when i r o n  o r  

The ra te  of  h y d r o d e s u l f u r i z a t i o n  of c o a l  l i q u i d s  is g e n e r a l l y  c o n s i s t e n t  wi th  
both  s u b s t a n c e s  are considered mixtures  of s u l f u r -  

2 where Cs is t h e  t o t a l  c o n c e n t r a t i o n  of t h e  su l fur -conta in ing  compounds; al and a 
a r e  the f r a c t i o n s  of  r e a c t i v e  and u n r e a c t i v e  components, r e s p e c t i v e l y ;  K1 and K2 
a r e  the r a t e  c o n s t a n t s  of t h e  r e a c t i v e  and u n r e a c t i v e  components ( 7 ) .  

The parameters ,  a l ,  a2 and K1, K 2 ,  vary accord ing  t o  t h e  a d d i t i v e  p r e s e n t  
d u r i n g  r e a c t i o n a s  shown i n  F igure  4. When Fe 0 i s  added, more s u l f u r  I s  removed 
i n  t h e  f i r s t  1 5  minutes  of  r e a c t i o n  than  i n  t w g  ?ours  when no a d d i t i v e  i s  present .  
I n  a d d i t i o n ,  cons iderably  less hydrogen i s  consumed when Fe2O3 i s  p r e s e n t  i n  a 15 
minute r e a c t i o n  t h a n  a f t e r  two hours  wi thout  any a d d i t i v e s  (See F igure  5 ) .  The 
hydrogen consumption wi th  Fe203 i s  20% a s  opposed t o  44% f o r  no a d d i t i v e .  The use  
of mineral  a d d i t i v e s  such  as Fe203 is b e n e f i c i a l ,  i n  t h a t  s h o r t e r  r e a c t i o n  t imes 
a r e  needed f o r  d e s u l f u r i z a t i o n  wi th  less t o t a l  hydrogen consumption. Furthermore, 
t h e s e  minera ls  can be added wi thout  any s a c r i f i c e  i n  coa l  conversion as shown i n  
F igure  6. 

Inf luence  o f  Mass T r a n s f e r  
The t h r e e  phase r e a c t i o n  system p r e s e n t  i n  c o a l  l i q u e f a c t i o n  may be inf luenced 

by mass t r a n s f e r  e f f e c t s .  To determine whethermass t r a n s f e r  r e g u l a t i o n  i s  occurr- 
i n g ,  experiments  were performed us ing  d i f f e r e n t  s t i r r i n g  r a t e s  and d i f f e r e n t  par t -  
i c l e  s izes .  

A d i r e c t  t e s t  t o  determine t h e  importance of  g a s / l i q u i d  t r a n s p o r t  w a s  per fornr  
ed by vary ing  t h e  s t i r r i n g  rates whi le  ho ld ing  a l l  o t h e r  v a r i a b l e s  c o n s t a n t .  A s  
C P L I  "E D r r l ,  1 1 1  l d " 1 C  J, LU' > L 1 ' L L , , g  ' P L r a  U r L W r r l l  VU" 'I,," l*UU 'p,, L L r l L L L C l  L L l C  

ra te  of d e s u l f u r i z a t i o n  nor  hydrogen consumption i s  very s e n s i t i v e  t o  and, conse- 
quent ly ,  is n o t  a f f e c t e d  by a g i t a t i o n  r a t e .  Therefore ,  g a s / l i q u i d  mass t r a n s p o r t  
h a s  no apparent  i n f l u e n c e  on e i t h e r  hydrogenat ion o r  d e s u l f u r i z a t i o n .  

. .. . . . .  - - - . . . - - . .  

Genera l ly ,  d e c r e a s i n g  t h e  c a t a l y s t  p a r t i c l e  s i z e  i n c r e a s e s  t h e  e f f e c t i v e n e s s  
f a c t o r  and t h e  l i q u i d / s o l i d  mass t r a n s f e r  c o e f f i c i e n t .  Reducing t h e  p a r t i c l e  s i z e  
w i l l  i n c r e a s e  t h e  observed r e a c t i o n  rate when t h e  r e a c t i o n  i s  c o n t r o l l e d  e i t h e r  by 
l i q u i d / s o l i d  mass t r a n s p o r t  o r  by pore  d i f f u s i o n .  
s i z e  is  not  a d e f i n i t i v e  test f o r  pore  d i f f u s i o n .  
is more l i k e  a r e a c t a n t  than  a c a t a l y s t ,  t h e  absence of p a r t i c l e  s i z e  e f f e c t s  
should be i n d i c a t i v e  o f  t h e  absence of  l i q u i d / s o l i d  mass t r a n s f e r  c o n t r o l .  

However, reducing t h e  p a r t i c l e  
Although t h e  behavior  o f  Fe2O3 

A series of experiments  were performed wi th  d i f f e r e n t  Fe203 p a r t i c l e  s i z e s  t o  
determine t h e  e f f e c t  o f  p a r t i c l e  s i z e  on d e s u l f u r i z a t i o n .  
z a t i o n  i s  observed  t o  be  e s s e n t i a l l y  independent of  p a r t i c l e  s i z e  a s  shown i n  
Table  IV. The ra te  o f  hydrogen consumption does vary s l i g h t l y  wi th  d i f f e r e n t  
p a r t i c l e  s i z e s .  

The rate of desu l fur i -  

Since t h e  observed d e s u l f u r i z a t i o n  r a t e  i s  independent of both t h e  Fe203 
p a r t i c l e  s i z e  and t h e  s t i r r i n g  r a t e  (wi th in  experimental  e r r o r ) ,  i t  appears  t h a t  
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d e s u l f u r i z a t i o n  i s  n e i t h e r  pore d i f f u s i o n  nor  l i q u i d / s o l i d  mass t r a n s f e r  c o n t r o l l e d ,  
imply ing  then  t h a t  t h e  r e a c t i o n  is k i n e t i c a l l y  c o n t r o l l e d .  
consumption may be somewhat l i m i t e d  by mass t r a n s f e r  s i n c e  i t  i s  inf luenced  by 
p a r t i c l e  s i z e .  
t i o n  rate i s  demonstrated i n  Table  V. 
d e c r e a s i n g  p a r t i c l e  s i z e .  

Comparison of A c t i v i t i e s  o f  D i f f e r e n t  Coal Mineral  Addi t ives  

Western Kentucky 9/14 c o a l  were added t o  t h e  c o a l  l i q u e f a c t i o n  r e a c t i o n s  t o  d e t e r -  
mine t h e i r  e f f e c t  on d e s u l f u r i z a t i o n  and hydrogen consumption. 
sis o f  t h e  a d d i t i v e s  i s  given i n  Table  V I .  The i r o n  conten t  o f  t h e s e  a d d i t i v e s  
ranges  from a low of  3.37% i n  SRC r e s i d u e  t o  a h igh  o f  26.92% i n  Western Kentucky 
a s h  w h i l e  t h e  s u l f u r  conten t  ranges from0.47% i n  SRC a s h  t o  3.81% i n  Kerr-McGee 
r e s i d u e .  
Kerr-McGee r e s i d u e  observed i n  Table  V I  may be  accounted f o r  when t h e  source  of  
each i s  considered:  SRC r e s i d u e  i s  obta ined  from f i l t r a t i o n  and Kerr-McGee r e s i d u e  
i s  o b t a i n e d  through s o l v e n t  deashing. I n  both  c a s e s ,  t h e  r e s i d u e s  were ashed t o  
e l i m i n a t e  t h e  carbonaceous c o a t i n g  and t o  conver t  t h e  minera ls  t o  an o x i d e  form f o r  
s u l f u r  scavenging. 

The r a t e  o f  hydrogen 

An i n d i c a t i o n  of t h e  importance of  p a r t i c l e  s i z e  on hydrogen consump- 
The rate of  hydrogenat ion i n c r e a s e s  w i t h  

Coal minera l  r e s i d u e s  from t h e  SRC process  and a s h e s  from t h e  r e s i d u e s  and 

An e lementa l  analy-  

The apparent  d i f f e r e n c e s  i n  t h e  elemental  composi t ion of  SRC r e s i d u e  and 

A comparison of  t h e  a c t i v i t y  o f  d i f f e r e n t  c o a l  minera l  a d d i t i v e s  i s  given i n  
Table  V I I .  I n  t h e  cases of no a d d i t i v e ,  SRC residue,  and Kerr-McGee r e s i d u e ,  t h e  
o r g a n i c  s u l f u r  removed from t h e  system i s  e s s e n t i a l l y  i d e n t i c a l .  The same is  t r u e  
f o r  hydrogen consumption. A f t e r  ash ing ,  both t h e  Kerr-McGee and SRC r e s i d u e  ashes  
show i n c r e a s e d  a c t i v i t y  f o r  s u l f u r  removal; from 23% f o r  t h e  r e s i d u e  t o  43% f o r  
t h e  ashes .  Two p o s s i b l e  reasons  f o r  t h e s e  d i f f e r e n c e s  are: 1) t h e  carbonaceous 
c o a t i n g  may not  completely d i s s o l v e  under r e a c t i o n  c o n d i t i o n s , i n  e f f e c t ,  i n h i b i t i n g  
s u l f u r  scavenging o r  2) t h e  change i n  minera l  form upon o x i d a t i o n  may provide  t h e  
c o r r e c t  form f o r  s u l f u r  scavenging. Although t h e  i r o n  c o n c e n t r a t i o n  i n  t h e  K e r r -  
McGee r e s i d u e  ash is approximately t h r e e  t i m e s  h i g h e r  than  t h a t  of t h e  SRC r e s i d u e  
a s h ,  t h e  s u l f u r  removal i s  e s s e n t i a l l y  t h e  s a m e .  This  f a c t  may be  due t o  t h e  d i f -  
f e r e n c e  i n  c o a l  type ,  t h e  minera l  forms i n  t h e  c o a l  feeds tock  and t h e  minera l  
forms p r e s e n t  a f t e r  process ing  and ashing.  Mineral  i n h i b i t o r s  may a l s o  b e  p r e s e n t  
i n  t h e  Kerr-McGee r e s i d u e  ash  t h a t  l i m i t  s u l f u r  removal. Another p o s s i b l e  reason  
f o r  t h e  same s u l f u r  removal even with d i f f e r e n t  i r o n  c o n t e n t s  f o r  t h e  two a s h e s  is 
t h a t  t h e  s u l f u r  conten t  o f  the  Kerr-McGee r e s i d u e  ash  is g r e a t e r  than  t h a t  o f  t h e  
SRC r e s i d u e  ash.  

The a c t i v i t y  of i r o n ,  magnet i te  (Fe304) and Fe203 is compared i n  Table  V I I I .  
Fe 0 and Fe  show e s s e n t i a l l y  t h e  same amount of  s u l f u r  iemoval a l though t h e i r  sur-  
f a c e  a r e a s  d i f f e r  by more than an o r d e r  o f  magnitude. I n  c o n t r a s t ,  magnet i te  h a s  
a s u r f a c e  a r e a  between t h a t  of Fe and Fe203 b u t  does not  have t h e  a b i l i t y  t o  remove 
s u l f u r  l i k e  Fe203. I t  appears  from Table V I 1 1  t h a t  magnet i te  i s  not  as e f f e c t i v e  
as a s u l f u r  scavenger a s  Fe; however, s i n c e  e q u i v a l e n t  amounts of  i r o n ,  Fe/FeS, are 
n o t  used and s u l f u r  removal is s e n s i t i v e  t o  t h e  amount of  i r o n  p r e s e n t  when Fe/FeS<10, 
more exper imenta l  d a t a  i s  needed t o  compare t h e i r  r e l a t i v e  a c t i v i t i e s .  Both magne- 
t i t e  and Fe have a low s u r f a c e  a r e a  and low hydrogen consumption w h i l e  Fe203 has  a 
r e l a t i v e l y  h igh  s u r f a c e  a r e a  and a much h i g h e r  hydrogen consumption. S ince  hydro- 
g e n a t i o n  appears  t o  b e  somewhat l i m i t e d  by mass t r a n s f e r ,  t h e  d i f f e r e n c e s  i n  s e l e c t -  
i v i t y  among Fe, magnet i te  and Fe203 may be  due t o  t h e  e f f e c t s  of  mass t r a n s f e r .  

2 3  
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Table I: EFFECT OF MINERAL ADDITIVES ON THE HYDRODESULFURIZATION OF BENZOTHIOPHENE 
I 

PRODUCT DISTRIBUTION OF 
CONVERTED BENZOTHIOPHENE,% 

BENZOTHIOPHENE DIHYDROBEN- ETHYL- HYDRODESULFUR- { 
ADDITIVE Fe/FeS CONVERSION,% ZOTHIOPHENE BENZENE IZATION,% 

! 
- NONE 0.0 0.0 0.0 0.0 

CO-MO-AL 100.0 0.0 100.0 100.0 - 
Fez03 1 .9  100.0 0.0 100.0 100.0 

FeS!+X 

(Reagent grade)  
Fe 2.7 45.0 5.0 95.0 43.0 
Reduced P y r i t e ,  - 42.0 65.0 35.0 15.0 

P y r i t e ,  F e S 2  1.2 40.0 90.0 10.0 8.0 

Benzothiophene: 0.45g 
Additive: 0.5g 

Table 11: EFFECT OF F e  AND Fez03 ON HYDRODESULFURIZATION OF BENZOTHIOPHENE 

PRODUCT DISTRIBUTION O F  
CONVERTED BENZOTHIOPHENE,% 

F ~ / F ~ ~  BENZOTHIOPHENE DIHYDROBEN- ETHYL- HYDRODESULFUR- 
ADDITIVE CONVERSION,% ZOTHIOPHENE BENZENE IZATION,% 

- NONE 0.0 0.0 0.0 0.0 
Fe(3X) 0.72 23.0 39.0 61.0 14.0 
Fe  (6%) 1.4 35.0 26.0 7 4 . 0  26.0 
Fe(lO%) 2.7 54t2 .0  0.0 100.0 54t2.0 

0.37 24.0 40.0 60.0 13.0 

POWDER Fe203 1.9 100.0 0 .o 100.0 100.0 
(10%) 

Benzothiophene: 0.45g 
Addi t ive :  0.5g 
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T a b l e  V:  PORE-DIFFUSION STUDY 

PARTICLE S I Z E ,  MESH AVERAGE SIZE, m. HYDROGEN CONSUMPTION RATE, %/MIN. 

- 3 n  60 
-6c+ ao 

-awl50 
-8W150 

-200 

0.335 
0.214 
0.141 
0.141 
0.0895 

0.392 
0.475 
0.417 
0.45 
0.55 

T a b l e  V I :  X-RAY ANALYSES OF DIFFERENT COAL LIQUEFACTION RESIDUES AND THEIR ASHES 

WEIGHT PERCENT 
SRC RESIDUE SRC ASH K-M RESIDUE K-M-ASH KY 9/14 COAL 

ELEMENT (KY 9/14 COAL) (KY 9/14 COAL) (KY 6 COAL) (KY 6 COAL) ASH 

S i  
Fe 
C a  
K 
c1 
T i  
Mn 
S r  
Z n  
V 
cu 
B r  
R b  
Pb 
A 1  
Mg 
S 
C 
H 
N 

13.54 
3.37 
1.30 
0.43 
0.22 
0.14 
0.02 
0.04 
- 
- 
- 
- 
- 
- 
3.86 

2.14 
54.02 
2.67 
1.35 

- 

O(by difference) 16.90 
100.00 

27.86 
6.80 
3.03 
1.01 
0.37 
0.34 
0.05 
0.09 
0.02 
0.04 
0.02 
- 
- 
- 
9.20 
2.10 
0.47 
- 
- 
- 

51 -40 
100.00 

6.97 
5.66 
0.31 
0.67 
0.62 
0.19 
0.03 

0.02 
0.02 
0.02 

- 

- 
- 
- 
3.29 
2.20 
3.81 
59.33 
3.44 
1.56 
11.86 
100.00 

23.86 

1.16 
2.02 
0.26 
0.61 
0.09 

0.06 

0.14 

18.49 

- 

- 

- 
- 
- 

10.51 
- 
0.58 
- 
- 
- 

18.02 
26.92 
1.55 
1.75 
0.46 
0.66 
0.09 
0.07 
0.03 
0.09 
0.10 

0.01 

11.11 

0.86 

- 
- 

- 

- 
- 
- 

42.22 38.28 
100.00 100.00 

- S u r f a c e  A r e a  4.78k0.03 - 8.820.14 4.6fo.045 
m2/gm. 
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